Civil & Environmental Engineering and
Construction Faculty Publications

Civil & Environmental Engineering and
Construction Engineering

4-2-2021

Laboratory Evaluation of Geogrid-Reinforced Flexible Pavements
Mohammad Reza Sharbaf
University of Nevada, Las Vegas

Nader Ghafoori
University of Nevada, Las Vegas, nader.ghafoori@unlv.edu

Follow this and additional works at: https://digitalscholarship.unlv.edu/fac_articles
Part of the Transportation Engineering Commons

Repository Citation
Sharbaf, M., Ghafoori, N. (2021). Laboratory Evaluation of Geogrid-Reinforced Flexible Pavements.
Transportation Engineering, 4 1-10.
http://dx.doi.org/10.1016/j.treng.2021.100070

This Article is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV
with permission from the rights-holder(s). You are free to use this Article in any way that is permitted by the
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself.
This Article has been accepted for inclusion in Civil & Environmental Engineering and Construction Faculty
Publications by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.

Transportation Engineering 4 (2021) 100070

Contents lists available at ScienceDirect

Transportation Engineering
journal homepage: www.elsevier.com/locate/treng

Laboratory evaluation of geogrid-reinforced ﬂexible pavements
MohammadReza Sharbaf, M.Sc.∗, Nader Ghafoori, Ph.D.
Department of Civil and Environmental Engineering and Construction, University of Nevada Las Vegas, 4505 Maryland Parkway, Box 454015, Las Vegas 89154-4015,
NV, United States

a r t i c l e

i n f o

Keywords:
Geosynthetics
Flexible pavement
Rutting depth
Punched and drawn geogrid
Traﬃc Beneﬁt Ratio

a b s t r a c t
This study assessed the eﬀectiveness of ﬂexible pavements reinforced with two types of punched and drawn
geogrids to reduce roadway base course thickness. Six laboratory tests were conducted using a steel cylindrical
mold. Instrumentation included pressure cells placed at various locations of the test sections and a linear variable
diﬀerential transformer which was placed on top of the loading system. A hydraulic actuator provided 40 kN (9
kips) cyclic load through a 305 mm (12 in) circular steel plate at a frequency of 0.77 Hz. Test results revealed that
inclusion of both geogrid types in ﬂexible pavement showed reductions in surface rutting and vertical stresses
at the subgrade-base interface. Using the results for rutting depth, the use of geogrids increased the number of
load applications by a factor of 1.5 to 7.5, depending on the test section properties and geogrid type, as well as
the rutting depth experienced at various loading applications. Using the base course reduction values based on
vertical stress results, the inclusion of geogrid in strong soil resulted in the reduction of base course thickness by
nearly 7 percent.

1. Introduction
A geogrid is a major type of geosynthetic that can be used for soil reinforcement, separation, drainage, and ﬁltration [41,42]. Common geogrid types currently available in market include welded geogrid, extruded or punched and drawn geogrid, and woven geogrid [13]. Extruded or punched and drawn geogrid is produced from a polymer plate
which is punched and drawn in either one or more ways. Various aperture types are shaped based on the way the polymer sheet is drawn.
Drawing in one, two or three directions results in production of uniaxial, biaxial and triaxial geogrids, respectively [23]. Uniaxial and biaxial
geogrids have tensile strengths in one and two directions, respectively.
Uniaxial geogrids mainly are used to reinforce slopes, retain walls, and
build embankments, and biaxial geogrids commonly are used to stabilize roadways, including unpaved roads, paved roads, and railroads
[4,14,21,32]. A triaxial geogrid has a more stable grid structure than
uniaxial or biaxial geogrids, with uniform tensile strength in all directions [17,40].
Many studies have investigated the behavior of geogrid-reinforced
paved roads [3,9,16,18,37]. The eﬀectiveness of geogrid-based reinforcement in ﬂexible pavements depends on many factors, such as the
geogrid properties; the geogrid-aggregate interlock eﬃciency; the thickness of the asphalt and base layers; the locations of the geogrid; and
the strength and properties of the subgrade soil, aggregate base, and
hot-mix asphalt. The beneﬁt of geogrid reinforcement in ﬂexible pave-

∗

ments is even more pronounced when a heavier duty geogrid is used
[30,34]. Moreover, other geogrid properties – such as aperture shape
and size, rib properties, ﬂexural stiﬀness, aperture stability modulus,
junction strength, and tensile modulus – are important to evaluate the
eﬀectiveness of the geogrid reinforcement of paved sections [6,11].
The inclusion of a geogrid in the subgrade-base interface of a ﬂexible pavement helps to redistribute a load to a wider area of the subgrade layer, resulting in a smaller accumulated permanent deformation
in the subgrade [3,33]. Previous studies have shown that in ﬂexible
pavements, a subgrade-base interface is the most eﬀective location for
geosynthetics in a thin aggregate base layer of less than 30.5 cm (12
in), and the upper one-third is the optimum location for aggregate layers with thicker bases [3,7,19].
Some studies have shown that the inclusion of a geogrid in ﬂexible
pavements is more eﬀective when the condition of the subgrade soil
is poor, that is, with a California Bearing Ratio (CBR) of less than 2%
[3,10,28]. The stronger the subgrade, the lower the percentage of reducing the surface rutting depth through inclusion of geogrid [27]. A study
by Haas et al. [19] reported the beneﬁcial eﬀects of geogrid inclusion in
strong subgrades as well. It was reported that geogrid reinforcement at a
midpoint of a 305-mm (12-in) base course of a ﬂexible pavement placed
on a subgrade with a CBR of 8% decreased the surface deformation by
17%. However, a study by Perkins [27], showed little improvement in
ﬂexible pavements for subgrades with a CBR of 8%. Another study carried out by the U.S. Army Engineer Research and Development Center
[31] utilized a triaxial geogrid in a ﬂexible pavement built over a sub-
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Table 1
Subgrade soil and base aggregate particle size distributions.

Table 2
Materials and dimension properties of goegrid A (biaxial).

Passing,%

Sieve size, mm

Subgrade soil

NDOT type 2 Class B
aggregate requirements

37.5
25.0
19.0
12.5
9.5
6.3
4.75
2.36
2.00
1.18
0.6
0.425
0.3
0.15
0.075

100
93
89
83
79
72
68
61
57
52
49
46
43
39
33

100
100
90–100
–
–
–
35–65
–
–
15–40
–
–
–
–
2–10

Units

Aperture dimensions
Minimum rib thickness
Junction thickness
Load capacity
True initial modulus in use
True tensile strength at 2% strain
True tensile strength at 5% strain
Polymer
Aperture shape
Structure
Structural integrity
Junction eﬃciency
Flexural stiffness
Aperture stability

mm (in)
25.4 (1.0)
mm (in)
0.762 (0.03)
mm (in)
2.79 (0.11)
Units
MD Values∗
kN/m
250
kN/m
4.1
kN/m
8.5
Polypropylene
Rectangle
Punctured sheet drawn
Units
MD∗ Values
%
93
Mg-cm
250,000
kg-cm/deg
3.2

∗
∗∗

grade having a CBR of 6%; this study reported signiﬁcant structural
beneﬁts. In another investigation carried out by US Army Corps of Engineers (Henry et al. 2009), negligible beneﬁts were reported when the
pavement section built over a subgrade with a CBR of 5.2% was geogrid
reinforced.
The thickness of an aggregate base layer is important when evaluating the eﬀectiveness of geogrid reinforcement in paved roads. The improvements are more signiﬁcant when the test sections have thin base
layers [7,12,22].
Geogrid reinforcement of ﬂexible pavements can be used to optimize pavement designs in two ways. It could extend the service life
of paved roads by reducing the surface rutting depth [5,10,25,39] or
by decreasing the thickness of an aggregate base layer [10,26]. Due
to signiﬁcant variability of design parameters, to date, there is no speciﬁc design method available for geogrid reinforced ﬂexible pavements.
AASHTO R50-09 [2], which is the Standard Practice for Geosynthetic Reinforcement of the Aggregate Base Course of Flexible Pavement Structures,
avoided to give any speciﬁc design methods; as it states that “Because
the beneﬁts of geosynthetic reinforced pavement structures may not be
derived theoretically, test sections are necessary to obtain beneﬁt quantiﬁcation.”
The main aim of this study was to investigate the eﬀectiveness of two
diﬀerent punched and drawn geogrids in reducing base course thickness of ﬂexible pavements placed on a strong subgrade. To this end,
four geogrid-reinforced lab-scale test sections and two unreinforced test
sections were tested.

MD∗ Values

Index properties

XD∗∗ Values
33.02 (1.3)
0.762 (0.03)
2.79 (0.11)
XD Values∗∗
400
6.6
13.4

MD: Machine direction.
XD: Cross machine direction.

Fig. 1. Test set-up for the mold and cyclic loading system.

aggregate materials showed an optimum moisture content of 8.5% and
a maximum dry density of 2.264 g/cm3 (141 PCF). Hot mixed asphalt
(HMA) had a bitumen ratio of 4.4 and a sand equivalent of 60. The Los
Angeles (LA) abrasion loss was equal to 24%.
This study used two diﬀerent punched and drawn geogrids made of
polypropylene obtained from a US Corporation. The properties of the
geogrids as reported by the manufacturer are presented in Table 2 and
3, respectively.

2. Experimental program
2.2. Mold and cyclic loading system
2.1. Paving materials and characteristics
A cylindrical mold with a diameter of 1.8 m (6 ft) and a height of
2.1 m (7 ft) was constructed to house the studied pavement sections. A
hydraulic actuator having a force rating of 40 kN (9 kips) was attached
between the two I-beams of the crosshead. A cyclic load was applied by
means of a steel rod that ﬁt into a concave-shaped hole on the loading
plate, which sat on the surface of the HMA surface layer. The loading
plate was a steel plate that was 1.3 cm (0.5 in) thick and 305 mm (12
in) in diameter. The applied load was kept constant at 40 kN (9 kips),
which resulted in a loading pressure of 550 kPa (80 psi), and simulated
dual tires under an equivalent 80-kN (18,000-lb) single-axle load.
Fig. 1 illustrates the test set-up. The load pulse, as shown in Fig. 2,
had a linear load increase from 2.2 kN (0.5 kips) to 40 kN (9 kips) in
0.3 s, followed by a 0.2-s period where the load was held constant at
40 kN (9 kips). This was followed by a linear load decrease to 2.2 kN
(0.5 kips) over a 0.3-s period, and extended by a 0.5-s resting period of

The subgrade soil used in this study was categorized as light brown
Silty, Clayey Sand with Gravel (SC-SM), based on the Uniﬁed Soil Classiﬁcation System (USCS). Subgrade soil had the R-value of 40 and resilient modulus of 65.75 MPa (9536 Psi). The sieve analysis test was
conducted prior to each of the six set-up tests to make sure the delivered
soil had the same properties. The average particle size distribution for
the subgrade soil is shown Table 1. Modiﬁed Proctor tests (ASTM [8])
were carried out, which produced an average maximum dry density of
2.03 g/cm3 (127 PCF) corresponding to an optimum moisture content
of 11%. Type 2 Class B crushed limestone aggregates, commonly used in
Southern Nevada for paved roads, were used for aggregate base course
layer (see NDOT Type 2 Class B gradation requirements in Table 1). The
base aggregate was classiﬁed as Light Gray, Poorly Graded Gravel /Silt
& Sand (GP-GM). The average Modiﬁed Proctor tests for base course
2
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Table 3
Materials and dimension properties of geogrid B (triaxial).
Index Properties

Longitudinal

Diagonal

Rib Pitch, mm (in)
33 (1.30)
33(1.30)
Mid-rib Depth, mm (in)
–
1.5 (0.06)
Mid-rib Width, mm (in)
–
0.6 (0.02)
Rib shape
Rectangular
Aperture shape
Triangular
Polymer
Polypropylene
Structure
Punctured sheet drawn
∗
22 (0.87)
Equivalent effective aperture size , mm (in)
Structural Integrity
Junction eﬃciency,%
Radial stiffness at low strain, kN/m at 0.5% strain
Radial stiffness at low strain, lb/ft at 0.5% strain
∗

Transverse
–
1.2 (0.05)
0.7 (0.03)

93
200
13,700

The diameter of the inscribed circle in the aperture.

Fig. 3. A ﬁnal look at pressure cells installed in subgrade soil.

2.4. Preparation of the test sections
Six pavement sections were prepared for testing. The ﬁrst section was
unreinforced with a base layer that was 40.6 cm (16 in) thick. The second and third test sections were reinforced with geogrid A and geogrid
B (biaxial and triaxial) layers, respectively, positioned at mid-depth of
the aggregate base layer that was 40.6 cm (16 in) thick. The forth test
section was unreinforced, consisting of a 30.5 cm (12 in) base layer.
Fifth and sixth test sections, having the same thickness of base layer,
were geogrid A and geogrid B (biaxial and triaxial)-reinforced, respectively; the reinforcement was placed at the interface of the subgrade and
base layers. Schematics of the six pavement sections that were tested are
shown in Fig. 4.
Geogrid placement in the test sections was based on the literature.
A previous investigation [20] reported that geogrids must be covered
by a minimum base layer of 20 cm (8 in) to control damage during
traﬃcking. Other studies suggested the subgrade-base interface as the
optimal position of the geogrid in cases with base thicknesses that were
less than 40 cm (16 in) over soft subgrade soil [6,10,19,38]. The geogrid
placement in this study satisﬁed both of these conditions.
As for the construction of the test sections, the silty clay subgrade
was ﬁrst placed and compacted in multiple equal lifts inside the steel
mold. The loose thickness of each lift was 22.9 cm (9 inches), which
resulted in a 12.7 cm (5 in) thickness of the compacted soil layer. The
subgrade was compacted at a water content of 11.2% to the compaction
level of about 90%, corresponding to the Modiﬁed Proctor Test, with a
maximum dry density of 2.03 g/cm3 (127 PCF) at an optimum moisture
content of 11%.
The base course layer was prepared by placing crushed limestone in
two 25.4 cm (10-in) loose lifts for C16, B16, and T16 test sections. For
C12, B12, and T12 test sections, two loose lifts with the thickness of
20.3 cm (8-in) were prepared, mixed with the desired optimum water
content. It then was compacted to a ﬁnal thickness of 20.3 cm (8 in)
for the ﬁrst three test sections and 15.2 cm (6 in) for the last three
test sections. The compaction process resulted in an average density of
2.15 g/cm3 (134 pcf); this corresponded to nearly 95% of the optimum

Fig. 2. Loading details applied in the tests.

2.2 kN (0.5 kips) before the next loading cycle resumed. This load pulse
resulted in a frequency of 0.77 Hz.

2.3. Instrumentation
In order to compare the performance of the six test sections, the
vertical stresses at the subgrade-base interface as well as the asphalt
surface rutting depth were recorded. The selection of instrumentation
was based on the data needed, cost eﬀectiveness, reliability, and the
information found in the literature.
Hydraulic type pressure cells, made of two welded circular steel
plates with a diameter of 15.2 cm (6 in), were used to record pressure in
the subgrade soil and aggregates base. In order to minimize any possible
interruptions in the pavement sections, the diameter of the pressure cells
was selected by taking into consideration the geometry of the test sections. The pressure cells were installed in subgrade soil at 5.1 cm (2 in)
below the subgrade-base interface, at distances of 0, 22.8, and 45.7 cm
(0, 9, and 18 in) away from the center of the mold, as shown in Fig. 3.
Another pressure cell was placed 5.1 cm (2 in) above the interface in
the base course layer at the center of the mold. The pressure cells were
calibrated precisely after completion of each test section.
To monitor the surface rutting depth of the test sections, a linear
variable displacement transformer (LVDT) that was a part of the loading system was utilized. The asphalt surface deformation was recorded
throughout the tests by RMCTools software (Delta Computer Systems,
Inc.). The pressure cells were connected to a data acquisition system to
collect, store, and plot the data at a rate of 10 Hz. An in-house program
for the data acquisition was developed using LabVIEW software (National Instruments). The instruments were activated only during load
applications.
3

M. Sharbaf and N. Ghafoori

Transportation Engineering 4 (2021) 100070

Fig. 4. Schematics of the pavement sections
that were tested.

density using Modiﬁed Proctor compaction. For second and third test
sections, the geogrid was installed at the center of base course layer
between the two compacted lifts, with 40.6 cm (16 in) of base thickness
and at a subgrade-base interface with a base layer that was 30.5 cm (12
in) thick for the last two test sections. The schematic of the prepared
test sections is provided in Fig. 4.
The HMA was delivered by truck, and spread over the test mold,
leveled by rake, and compacted immediately to a predetermined height
of 7.6 cm (3 in), using a vibratory plate compactor at the average density of 2.36 g/cm3 (146 pcf). Geogauge tests were carried out after the
compaction of each lift to ensure that the required compaction level
and moisture content were achieved. The geogauge test results for the
subgrade, base, and HMA layers are shown in Table 4. Each number
reported in this table was the average of ﬁve measurements in various
locations throughout the test section.

rutting depth for the sections with 40.6 cm (16 in) and 30.5 (12 in) of
base thickness for up to 3 million repeated loading cycles. In general, the
rutting depth increased with increases in the number of loading cycles
for all the studied sections. The rutting depth increased at a faster rate
up to the ﬁrst 0.1 million loading cycles; however, the rate of increase
in rutting depth slowed with additional increases in the number of loading cycles. This could be due to the approach, which is well adapted for
assessing the track behavior during the so-called ’conditioning phase’,
deﬁned as the ﬁrst cycles during which high track settlements are observed and materials cumulate high plastic strains [15].
Table 5 compares the rutting depth of the test sections. A comparison of the rutting depth for the C16 and C12 test sections indicated that
an increase in a granular base-layer thickness reduced surface deformation. The unreinforced sections displayed higher surface deﬂections as
compared to those for the reinforced pavement sections. In reducing surface rutting depth, the use of a geogrid B (triaxial) was more eﬀective
than geogrid A (biaxial); this could be due to a reduction of the lateral
movements at the base due to using geogrid B (triaxial); as compared to
geogrid A (biaxial) [6,36]. Other superior properties in geogrid A than
geogrid B (biaxial vs. triaxial), e.g. rib depth and aperture size to gravel
Dmax ratio, may have led to a better performance of geogrid B (triaxial).

3. Test results and discussion
3.1. Rutting depth
Six sections were tested on various thicknesses of base layers and
geogrid types. Figs. 5a and 5b illustrates the development of the asphalt
4
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Table 4
Properties of subgrade soil, the aggregate base, and HMA.

No.

Test Section

Subgrade Soil
Moisture
Content (%)

1
2
3
4
5
6

C16
B16
T16
C12
B12
T12

11.40
12.50
11.34
13.20
11.8
13.1

Subgrade Soil
Density g/cm3
(PCF)

Subgrade Soil
Compaction
Eﬀort (%)

Aggregate Base
Moisture
Content (%)

Aggregate Base
Density g/cm3
(PCF)

Aggregate Base
Compaction
Eﬀort (%)

HMA Density
g/cm3 (PCF)

HMA
Compaction
Eﬀort (%)

1.86
1.81
1.83
1.82
1.87
1.82

91.40
89.20
90.10
89.80
92.35
89.5

4.10
4.20
3.90
3.80
4.6
5.35

2.13
2.18
2.09
2.18
2.15
2.17

94.30
96.15
92.51
96.27
94.98
95.78

2.34
2.39
2.30
2.39
2.36
2.38

93.10
95.61
94.79
94.10
93.75
93.7

(115.8)
(113)
(114.2)
(113.8)
(117)
(113.4)

(133.3)
(135.9)
(130.7)
(136.1)
(134.2)
(135.4)

(144.3)
(148.2)
(146.9)
(145.9)
(145.3)
(145)

Fig. 5. Surface deformation (rutting depth) for
pavement sections with base layers that were a)
40.6 cm (16 in) thick, b) 30.5 cm (12 in) thick.
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Table 5
Rutting depths of reinforced test sections compared to unreinforced test sections.
Pavement Section

Number of Loading Cycles
0.25 × 106
0.1 × 106

0.5 × 106

1 × 106

1.5 × 106

2 × 106

2.5 × 106

3 × 106

C16
B16
T16
C12
B12
T12

0.210
0.145
0.144
0.240
0.170
0.160

0.271
0.215
0.186
0.288
0.260
0.240

0.306
0.250
0.221
0.329
0.290
0.273

0.329
0.281
0.231
0.350
0.321
0.300

0.351
0.297
0.245
0.378
0.389
0.398

0.372
0.307
0.256
0.389
0.357
0.326

0.381
0.316
0.265
0.398
0.366
0.335

(—)
(−31.0%)
(−31.4%)
(—)
(−29.2%)
(−33.3%)

0.235
0.170
0.161
0.260
0.210
0.190

(—)
(−27.7%)
(−31.6%)
(—)
(−19.2%)
(−26.9%)

(—)
(−20.7%)
(−31.4%)
(—)
(−9.7%)
(−16.7%)

(—)
(−18.3%)
(−27.8%)
(—)
(−11.8%)
(−17.1%)

(—)
(−14.6%)
(−29.8%)
(—)
(−8.3%)
(−14.3%)

(—)
(−15.4%)
(−30.3%)
(—)
(−10.1%)
(−14.7%)

(—)
(−17.5%)
(−31.3%)
(—)
(−8.2%)
(−16.1%)

(—)
(−17.1%)
(−30.5%)
(—)
(−8.1%)
(−15.7%)

Fig. 6. Surface deformation of pavement sections whose base layers were 40.6 cm (16 in)
thick.

Fig. 7. Surface deformation of pavement sections with base layers that were 30.5 cm (12
in) thick.

Fig. 6 presents the results of the accelerated load tests, up to 3 million
repeated loading for test sections having base layers that were 40.6 cm
(16 in) thickest sections. Throughout the test, the surface deformation
of pavement section reinforced by goegrid A (biaxial), was less than
the reference test section. As compared to that of the unreinforced section, the geogrid A (biaxial)-reinforced section displayed lower surface

deﬂections by approximately 21%, 18%, 15%, 16%, 17%, and 17.1%
at loading cycles of 0.5, 1, 1.5, 2, 2.5 and 3 million, respectively. The
geogrid B (triaxial)-reinforced test section showed better performance
than both the geogrid A (biaxial)-reinforced and the unreinforced pavement sections. By using geogrid B (triaxial), the rutting depth decreased
by nearly 31%, 28%, 30%, 30%, 31%, and 30% at 0.5, 1, 1.5, 2, 2.5 and

6
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3 million strokes, respectively; as compared to the unreinforced pavement section. The asphalt surface deformation of geogrid B (triaxial)reinforced test sections was approximately 13%, 12%, 18%, 18%, 17%,
and 16% lower than the geogrid A (biaxial)-reinforced test sections at
0.5, 1, 1.5, 2, 2.5, and 3 million cycles, respectively.
Fig. 7 illustrates the asphalt surface deformation of pavement sections having a base layer that was 30.5 cm (12 in) thick. The rutting
depth of geogrid A (biaxial)-reinforced test sections was lower than
that of unreinforced test sections. The surface deformation of geogrid
A (biaxial)-reinforced test sections were 10%, 12%, 8%, 10%, 8%, and
8% smaller than that of unreinforced sections at 0.5, 1, 1.5, 2, 2.5 and
3 million strokes, respectively. The rutting depth of grogrid B (triaxial)reinforced test sections was smaller than unreinforced and geogrid A
(biaxial)-reinforced sections. When geogrid B (triaxial) was used, the
surface deformation decreased by 17%, 17%, 14%, 15%, 16%, and 16%
at 0.5, 1, 1.5, 2, 2.5 and 3 million loading cycles, respectively, as compared to unreinforced test sections. In addition, the rutting depths of geogrid B (triaxial)-reinforced pavement section decreased by 7.7%, 5.6%,
6.5%, 5.2%, 8.6%, and 8.4% at 0.5, 1, 1.5, 2, 2.5 and 3 million strokes,
respectively, when compared to that of geogrid A (biaxial)-reinforced
test sections.
3.2. Vertical stress distribution
The results of the vertical pressures generated from the installed pressure cells for the six tested pavement sections are shown in Fig. 8. As can
be seen, irrespective of the test section properties, the magnitude of vertical stresses remained almost steady throughout the 3 million cyclical
loading. Nearly steady pressure values were recorded by the pressure
cells installed in subgrade soil that was a quarter radius oﬀ-center and
a half radius oﬀ-center as well as for the pressure cell installed in the
base layer.
Fig. 9 shows the vertical stress distribution at the subgrade/base interface. The stresses measured were the average of vertical stresses after
3 million loading cycles. As can be seen, the stress at the center of base
layer was more than that for the subgrade soil for all the test sections.
In addition, the pressure in the center of the subgrade soil was more
than a quarter radius oﬀ-center, and pressure for subgrade soil that was
a quarter radius oﬀ-center was more than that for half radius oﬀ-center.
The results revealed that the load redistributed to a wider area in the
reinforced test sections, resulting in an improved stress distribution on
top of the subgrade layer when the geogrids were installed. These ﬁndings are similar to those reported by Abu-Farsakh and Chen [3] and Suku
et al. [33]. The magnitude of vertical stress decreased directly below the
plate in the reinforced test sections as compared to the unreinforced sections. Perkins [27] reported similar results for geogrid-reinforced ﬂexible pavements and by Leng et al. [24] for geogrid-reinforced unpaved
sections.
Irrespective of the thickness of the aggregate base layer, the magnitude of the pressure for geogrid A (biaxial)-reinforced test sections was
less than for unreinforced test sections in all the designated locations.
This was because the addition of a geogrid to a test section allowed for
redistribution of load to a wider area, resulting in an improved stress
distribution at the top of the subgrade layer. Additionally, geogrid B
(triaxial)-reinforced test sections produced lower pressure values in all
the locations compared to the test sections that were unreinforced and
reinforced by geogrid A (biaxial) for both base-layer thicknesses.
As shown in Table 6, by reinforcing the C16 test section, having
a base thickness of 40.6 cm (16 in), with geogrid A (biaxial), the average vertical stresses at base center, subgrade center, quarter radius
oﬀ-center, and half radius oﬀ center reduced by 26%, 19%, 11%, and
7%, respectively. Reductions in the vertical stresses of the geogrid B
(triaxial)-reinforced test sections were 37%, 25%, 16%, and 6% when
compared to the unreinforced test section. Additionally, the reduction
in the average vertical stresses in geogrid B (triaxial)-reinforced sections
were 11%, 6%, and 5% greater those for geogrid A (biaxial)-reinforced

Fig. 8. Vertical pressure at (a) subgrade center point, (b) subgrade quarter radius oﬀ-center, (c) subgrade half radius oﬀ-center, (d) base layer center point.
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Fig. 9. Average vertical pressure at diﬀerent
locations of the test sections.

Table 6
Percentage of vertical pressure reduction for reinforced and unreinforced pavement sections.
Test Pavement Section

Base Center

Subgrade Center

Subgrade: Quarter radius oﬀ-center

Subgrade: half radius oﬀ-center

C16
B16
T16
C12
B12
T12

—
−26%
−37%
—
−20%
−21%

—
−19%
−25%
—
−17%
−23%

—
−11%
−16%
—
−9%
−11%

—
−7%
−6%
—
−2%
−1%

Table 7
Traﬃc beneﬁt ratio for the test sections.

test sections at the base center, subgrade center, and quarter radius oﬀcenter. These ﬁndings revealed that geogrid B (triaxial) was more eﬀective in vertical stress redistribution in a strong subgrade soil underneath
a thick base layer, having a 40.6 cm (16 in) thickness, than was geogrid
A (biaxial). Same as the results of rutting depth, vertical pressure reduction percentages were more in test sections with 40.6 cm (16 in) base
layer thickness, than the ones with 30.5 cm (12 in). This can be due to
the location of geogrid in pavement section.
When comparing the average vertical pressures of the C12 test section, base thickness of 30.5 cm (12 in), with the goegrid A (biaxial)reinforced test section at the base center, subgrade center, quarter radius
oﬀ-center, and half radius oﬀ-center; decreases of 20%, 17%, 9%, and
2%, respectively, were found. A comparison of the vertical stresses at
the base center, subgrade center, subgrade quarter radius oﬀ-center and
half radius oﬀ-center between the geogrid B (triaxial)-reinforced and
unreinforced test sections revealed that the vertical stresses reduced by
21%, 23%, 11%, and 1%, respectively. On the other hand, the reductions in average vertical pressure of the geogrid B (triaxial)-reinforced
sections were 1%, 6%, and 2% more than that for the geogrid A (biaxial)reinforced test section at the base center, subgrade center, and quarter
radius oﬀ-center, respectively. These results showed that a geogrid B
(triaxial) could be more eﬀective than a geogrid A (biaxial) when used
in a thin base layer. This could be due to diﬀerent properties of geogrid
A (biaxial) and geogrid B (triaxial) causing diﬀerent geogrid-aggregate
interlock eﬃciency (Tutumluer et al. 2010; [35]).

Rutting depth mm (in)

Test pavement section
C16
B16
T16
C12

B12

T12

4
5
6
7
8
9

1.0
1.0
1.0
1.0
1.0
–

–
3.0
3.0
2.2
1.7
1.5

–
4.0
4.0
3.0
2.2
–

(0.16)
(0.20)
(0.24)
(0.28)
(0.31)
(0.35)

3.0
3.0
3.0
2.7
2.6
–

4.0
5.0
7.5
–
–
–

1.0
1.0
1.0
1.0
1.0
1.0

Table 8
Comparison of TBR and the C16/C12 ratio.
Rutting Depth
mm (in)

4
5
6
7
8
9

(0.16)
(0.20)
(0.24)
(0.28)
(0.31)
(0.35)

Loading cycles
C16

C12

60,500
121,000
242,000
544,500
1149,500
2117,500

–
60,500
121,000
363,000
847,000
1573,000

Ratio C16/C12

–
2
2
1.5
1.36
1.35

TBR
B12

T12

–
3.0
3.0
2.2
1.7
1.5

–
4.0
4.0
3.0
2.2
–

and material constituents, to reach the same deﬁned failure state.” In
this study, TBR was used to evaluate the beneﬁt of geogrid base reinforcement. The TBRs that were calculated for various unreinforced and
reinforced test sections at the rutting depths of 4, 5, 6, 7, 8, and 9 mm
are summarized in Table 7.
The number of repeated loading cycles for unreinforced test sections
that were needed to reach 4, 5, 6, 7, 8, and 9 mm of rutting depth is
shown in Table 8. The C16/C12 ratios shown in the table are the number of loading cycles that were applied to the unreinforced test section

3.3. Traﬃc Beneﬁt Ratio (TBR)
Improvements to the pavement system provided by geogrid reinforcement can be directly measured by a traﬃc beneﬁt ratio (TBR),
which was deﬁned by Berg et al. [9] as: “A ratio of the number of load
cycles on a reinforced section to reach a deﬁned failure state to the number of load cycles on an unreinforced section, with the same geometry
8
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Table 9
Percentages of base course reduction using PBR ratios.
Test pavement section

PBR∗

ESAL∗∗

Base layer thickness mm (in)

Base course reduction factor

Reduction percentage for the base course

C16
B16
T16
C12
B12
T12

1
1.23
1.33
1
1.2
1.29

2176,581
1769,578
1636,527
774,005
619,204
609,453

40.64
38.44
37.64
30.48
28.52
28.40

1
0.946
0.926
1
0.936
0.932

—
5.40
7.38
—
6.42
6.83

∗
∗∗

(16)
(15.14)
(14.82)
(12)
(11.23)
(11.18)

Pressure beneﬁt ratio.
Equivalent Single Axle Load.

log 𝑊𝑡18 = 𝑍𝑅 × 𝑆𝑜 9.36 log (𝑆𝑁 + 1) − 0.20
[
]
𝑆𝐼
log 4Δ𝑃
.2−1.5
+
+ 2.32 × log 𝑀𝑟 − 8.07
1094
0.4 +
5.19

with a 40.6-cm base thickness (C16) at the speciﬁc rutting depth to the
number of loading cycles applied on an unreinforced test section with a
30.5-cm base layer (C12) at the same surface deformation. Table 8 compares the C16/C12 ratio and TBR for various depths. As can be seen in
this table, the TBR calculated at each rutting depth was more than the
C16/C12 ratio. This implies that the unreinforced test section having
a base thickness of 40.6 cm (16 in) can be replaced with a geogridreinforced test section having a base thickness of 30.5 cm (12 in).

where Wt 18 is the number of load applications for an 18-kip (80 kN)
single-axle load before requiring the resurfacing maintenance; ZR is standard normal deviate; So is combined standard error of the traﬃc prediction and performance; ΔPSI is the initial design serviceability index
minus the design terminal serviceability index (ΔPSI of 1.5 was used in
this investigation); and Mr is the resilient modulus of the subgrade soil.
As can be seen in Table 9, using PBR values, the percentages of base
course reduction remained approximately between 5% and 8% for geogrid A and grogrid B (biaxial and triaxial)-reinforced sections.

3.4. Base course reduction (BCR)
In order to model the pavement sections’ performances, a couple of
methods were considered. Granular Base Equivalency (GBE) is a common attribute in pavement performance modeling in which the thickness of diﬀerent road layers are translated to a number using a set of coeﬃcients [29]. Since the GBE values were not available for the utilized
geogrid layers, this method was not applied. The base course reduction
(BCR) factor is another method quantiﬁes the amount of base thickness reduction with no loss of performance when a geogrid-reinforced
pavement section is used. BCR was calculated based on subgrade-base
interface pressure values.

4. Conclusions
Based on the results of the studied pavement sections having mentioned materials and geogrid types, the following conclusions can be
drawn.
(1) Use of geogrids were eﬀective in reducing vertical stresses when used
in strong soil.
(2) The stresses experienced at the subgrade and base layer of goegrid
A (biaxial)-reinforced test sections were less than that for unreinforced test sections. The geogrid B (triaxial)-reinforced test sections
experienced less pressure in all locations as compared to that of the
unreinforced and geogrid A (biaxial)-reinforced test sections.
(3) The vertical pressure at the center of subgrade-base interface decreased by an average of 18% and 24% for grogrid A (biaxial) and
geogrid B (triaxial)-reinforced pavement sections, respectively.
(4) The traﬃc beneﬁt rations of the geogrid B (triaxial)-reinforced test
sections were higher than for the geogrid A (biaxial)-reinforced test
sections. Similarly, the geogrid B (triaxial) was more eﬀective than
the geogrid A (biaxial) in reducing the thickness of the base layer.
(5) Using pressure values at the center point of a subgrade-base interface, the inclusion of geogrid A (biaxial) and geogrid B (triaxial)
reduced the base-layer thickness about 6% and 7%, respectively.
(6) The results reported in this investigation are valid for the tested geogrids and aggregate. The results may be diﬀerent if a diﬀerent aggregate is used or geogrids with properties and values diﬀerent from
the ones reported in this paper are used.

3.4.1. BCR values based on vertical stress results
Pressure variations between unreinforced and geogrid-reinforced
sections were used to calculate the pressure beneﬁt ratio (PBR). PBR
is deﬁned as the ratio of average vertical stresses at the center of a subgrade layer for unreinforced sections to that of the equivalent geogridreinforced test section.
With the PBR values shown in Table 9, a simple analysis, using the
AASHTO 1993 pavement design procedure [1], was used to evaluate the
eﬀects of geogrid reinforcement on the reduction of base course thickness. The equivalent standard axle loads (ESAL) for reinforced sections
were calculated by dividing the ESAL values of unreinforced sections
by the PBR value. The ESAL values for reinforced sections were used
to back-calculate the structural number and new base-course depth. Finally, the BCR factor was calculated by dividing the base course depth
of a reinforced section to that of a companion unreinforced section. The
following equation was used to calculate structural number (SN) of a
test section [1]:
𝑆𝑁 = 𝑎1 𝐷1 + 𝑎2 𝐷2 𝑚2

(2)

(𝑆𝑁+1)
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where D1 and D2 are the asphalt and aggregate base layers thicknesses,
respectively (in inches); a1 and a2 are the layer structural coeﬃcients
for the asphalt and aggregate base layers, respectively; and m2 is the
drainage coeﬃcient of the base course, and assumed to be 1.0 in this
investigation since test sections were laboratory controlled. The layer
coeﬃcients a1 and a2 were estimated from the resilient modulus of previously reported materials [1]. The structural number obtained was used
to calculate the total number of load applications for an 18 kip (80 kN)
single-axle load, using the following equation [1]:
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